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ABSTRACT 
The growth rates,  the  mutation frequency rate  constants of  the  terramycin-re- 
sistant cells, the burst size of the phage-producing cells, and the ratio of phage to cells 
all have a  temperature coefficient of about 2 from 20 to 35  ° (#  =  9  ×  10  ~ calories), 
with a ma~mum at 40  °. 
The mutation frequency rate constant (or time rate constant) of the phage-pro- 
ducing cells increases  from 20 to 45  ° with a  temperature coei~cieut  of about 3 0~  = 
2 to3  x  10~ cal.). 
The change in the values for the growth rate, mutation rate, and cell volume occurs 
in less than 1 hour, after the temperature is changed.  The value for the burst size of 
ptmge-producing cells changes for 3 to 4 hours. 
Prolonged growth of mega~herium 899 at 48 to 50  ° results in the production of C  + 
S phage, in place of T. Returning the culture to 25  ° results in the production of small 
T  phage. 
The growth rate,  the incidence  of terramycin-resistant cells and  of phage- 
producing cells, their mutation rates, and the burst size of the phage-producing 
cells in B. megath~rium cultures were determined at various temperatures. The 
results of these experiments are shown in Fig. 1. 
The  growth  rate,  the  mutation frequency rate  of the  terramycin-resistant 
cells, the burst size of the phage-producing cells, and the ratio of phage to cells 
all have a  temperature coefficient of about 2 per 10  ° (# =  about 1 X  104 cal.) 
between 20 and 35 ° with a maximum at 40  °. This is the usual type of curve for 
enzymes or  biological  processes  (Johnson,  Eyring,  and  Polissar,  1954).  The 
mutation frequency rate constant for the phage-producing cells increases over 
the entire range with a temperature coefficient of about 3 per 10  °, corresponding 
to a value for Arrhenius' constant/~ of 2.3 X  104 cal. (Fig. 2). The values for the 
1957  series for both types of cells are higher than those observed in 1958,  but 
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the temperature coefficient is the same in both series. This value is lower than 
that  reported  for  other  mutation  rates  (cf.  Goldschmidt,  1955). 
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FIG. 1.  The ratio of terramycin-resistant cells and of phage to cells, the burst size 
of phage-producing cells,  the growth rates,  and  the mutation rates of terramycin- 
resistant  cells and phage-producing cells in  cultures of B. megatherium growing  at 
different  temperatures. 
The mutation frequency rate constant expresses the ratio of mutants to new 
cells, and has the dimensions of an equilibrium constant rather than those of a 
velocity constant.  There  is  some  uncertainty,  therefore,  in  interpreting  the 
results obtained when this value is used as a velocity constant. JOHN H.  ~ORTm~OP  331 
The terramycin-resistant mutants appear as a result of cell division (North- 
rop, 1957 a) and the experiments may be taken to show that the proportion of 
terramycin-resistant mutants produced at any temperature is proportional to 
the growth rate at that temperature. 
The phage-producing cells, however, appear as a  result of a  change in the 
cells which occurs without cell division (Northrop, 1957 b, 1958). The mutation 
time rate constant C  is therefore the significant value. This constant has the 
dimensions of a true velocity constant; i.e., fraction per unit of time (Northrop 
and Kunitz, 1957, p. 127). The temperature coefficient of this constant is about 
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FIo. 2. The effect of temperature on the mutation time rate constant of phage- 
producing cells and on the mutation frequency rate constant of phage-producing  cells 
and  of  terramycin-resistant  cells. 
3 per 10  °, corresponding to a value of 3.3  X  104 cal. for Arrhenius' constant 
(Fig. 2). 
The ratio of phage to cells at equilibrium shows a maximum at 40  °, but this 
is the result of a maximum in burst size. 
The equilibrium ratio of mutant cells to wild cells is given by the relation 
M  2XA 
--  in which A is the growth rate of the wild cells and B  is the growth 
W  A-B 
rate of the mutant, and k  =  the mutation frequency rate constant (Northrop 
and Kunitz, 1957). 
P 
In the case of phage-producing cells this becomes ~  =  2~ l, since the mutants 
P 
do not grow and M  =  ~- (Northrop, 1958). 332  ORIGIN OF  BACTERIAL  VIRUSES.  V 
The values obtained in this way approximate the observed values (Table I). 
Both observed and calculated values vary quite widely in different experiments. 
The  calculated  value  for  terramycin-resistant  mutants  depends  upon  the 
TABLE I 
Calwda~sd  and  Observed  Values for  F~quilibrium  RaZia  of  Terramycin-Resistant  Colonies  to 
Cells  (TR/W)  and Phage to Cdls  (P/W)  at 25  °, 40  °,  and 45  ° 
Temperature .............................  25 °  40  °  45 ° 
TR X  10  a  Observed 
W  .......... 
2k,4  Calculated 
A-B  ............. 
P /W ..............  Observed 
2Xlg  ...............  Calculated 
7 to 10 
6 to 10 
1 to2 
0.05 to 0.2 
6to8 
30 to 50 
3to7 
0.6 to 2 
5 to8 
20 to 100 
2 to4 
0.5to 1 
1,000 
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FIG. 3.  The effect of change of temperature on cell volume, growth rate, mutation 
rate, burst size, and ratio of phage to cells in cultures of megathvrium 899 in yeast 
extract  peptone. 
difference  between  two  growth  rates  and  is  therefore very  sensitive  to  ex- 
perlrnental error. There is a further difficulty in that it is necessary to maintain 
the culture in constant logarithmic growth for several hours in order to obtain 
the  equilibrium  value  of  the  ratios.  During  this  time  the  culture  becomes 
partly adapted to 45 ° and the growth rates increase. The conditions are there- 
fore not  strictly comparable  to  those  under  which  the  mutation  rates  were 
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Effect of Changes in Temperature  on Cell Volume, Growth Rate, Mutation Rate, 
Burst Size, and Ratio of Phage to Cells 
The results of an experiment in which  899 in logarithmic growth in yeast 
extract peptone at 25 ° was placed at 40  ° are shown in Fig. 3. The culture was 
maintained at constant  cell concentration  of 1 to  10  ×  107 cells per ml.  by 
repeated dilution. The results at 40  ° are expressed in per cent of the correspond- 
Lug values at 25 °. The growth rate increased twice in a  few minutes.  The cell 
volume and the mutation rate change in less than 1 hour,  but the burst size 
and the ratio of phage to cells continue to increase for 4 hours. 
Change in Phage Type at 48 to 50  ° 
At temperatures from 20 to 45 ° in yeast extract peptone medium, 899 pro- 
duces  1  almost entirely T phage with small numbers of C, S, and others (Murphy, 
1954). If the organism is grown at 48 to 50  ° in the steady state apparatus, how- 
ever, the C, S, and Br phages increase after 5  to 7 days, until they make up 
one-third to one-half the total phage titer. The change is very similar to that 
which occurs when 899 becomes adapted to ammonium sulfate culture medium 
(Northrop and Murphy, 1956). The colonies become wrinkled at the same time. 
Tests of separate colonies show that some form only T's, some T and C +  S, and 
some no phage which can be detected by KM. These latter colonies are resistant 
to either C or T  phage, however, so that they probably are also lysogenic. The 
culture continues to produce C  +  S phages for some time when grown at 25 ° 
in  yeast extract  peptone  in  the  steady  state  apparatus,  but  eventually  the 
number of C +  S plaques decreases and they are replaced by small T plaques. 
The culture continued to form C +  S plaques after 6 months' transfer at 25 ° 
on 2 per cent peptone agar slants. 
Experimental Procedure 
The experimental procedure  was the  same as that described  in previous papers 
(Northrop,  1957 a,  1957 c,  1958). 
The figures are the means of 6 to 20 experiments.  The average deviation of the mean 
is about -4- 20 per cent. The mutation rate of the terramycin-resistant cells and of the 
phage-producing cells was determined at the same time, or nearly the same time. This 
is necessary because of changes in the culture. 
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